Agriculture is considered one of the main nitrogen (N) pollution sources through the diffuse emissions of ammonia (NH 3 ) and nitrous oxide (N 2 O) to the atmosphere and nitrate (NO 3 − ) to water bodies. The risk is particularly high in horticultural production systems (HPS), where the use of water and fertilizers is intensive and concentrated in space and time, and more specifically, in the case of vegetable crops that have high growth rates, demanding an abundant supply of water and nitrogen forms. Therefore, to comply with the EU environmental policies aimed at reducing diffuse pollution in agriculture, there is the need for mitigation practices or strategies acting at different levels such as the source, the timing and the transport of N. HPS are often well suited for improvement practices, but efficient and specific tools capable of describing and quantifying N losses for these particular production systems are required. The most common mitigation strategies found in the literature relate to crop, irrigation and fertilization management. Nevertheless, only the success of a mitigation strategy under specific conditions will allow its implementation to be increasingly targeted and more cost effective. Assessment methods are therefore required to evaluate and to quantify the impact of mitigation strategies in HPS and to select the most promising ones.
Introduction
Diffuse or non-point source pollution refers to both water and air pollution caused by a variety of activities that have no specific point of discharge. Furthermore, the long-range transport ability and multiple sources of the pollutant contribute to the diffuse nature of the process. The management of diffuse pollution is complex and requires the careful analysis and understanding of various processes [1] .
Agriculture is seen as one of the main N pollution sources through the diffuse emission of ammonia (NH 3 ) and nitrous oxide (N 2 O) to air and nitrate (NO 3 − ) to surface and ground waters [2] .
NO 3 − leaching to ground waters represents a loss of soil fertility and also a threat to the wider environment and human health [3, 4] . NO 3 − that enters drinking water supplies creates a risk of methemoglobinemia in infants/young children and has been linked to cancer and heart disease [5] . Half of the European population live in areas where concentrations in drinking water exceed 5.6 mg N-NO 3 ·L −1 , and about 20% live in areas where concentrations exceed the recommended level of 11.3 mg N-NO 3 ·L −1 [6] . NO 3 − and ammonium (NH 4 + ) transported with subsurface flow or surface runoff entering rivers or lakes contributes, together with phosphorous, to eutrophication, resulting in algae blooms and suffocation of aquatic life [7] . Although some improvements have led to the reduction of N inputs, diffuse pollution of agricultural origin remains a major threat for waters. The technologies and measures to reduce these emissions exist, but the diversity of the cropping systems and the complex diffuse N pathways have resulted in regulatory obligations that are not equally efficient for different types of production systems. Some authors state that the risk is higher in horticultural production systems (HPS) than in arable lands [12] . Vegetable production, in particular, requires an intensive use of resources, namely water and fertilizers, in concentrated space and time. Reported N application rates show values as high as 600-900 kg•ha −1 [13] [14] [15] . Vegetable crops in general present shallower root systems compared to arable plants. Furthermore, the nitrogen use efficiency (NUE) of many vegetables is often less than 50% and can be as low as 20%, [14, 16] . Contrary to arable crops, vegetables are harvested in a vegetative stage when daily N uptake rates are still high, leaving soils with considerable mineral N amounts. Their residues also take a particular position relative to arable crops due to often large amounts of biomass, with a high N content (up to 200 kg•ha −1 ) and low C:N ratios, left behind on the field [16, 17] . These adverse characteristics can be exacerbated by the incorrect management of irrigation and/or by the precipitation occurring during the post-harvest season, both situations Figure 1 . Overview of the EU policy instruments affecting the use and losses of nitrogen in agriculture (CLRTAP, Convention on Long Range Transport of Atmospheric Pollutants; IPPC, directive on integrated pollution, prevention and control; CAP, common agricultural policy) (adapted from [10] ).
Although some improvements have led to the reduction of N inputs, diffuse pollution of agricultural origin remains a major threat for waters. The technologies and measures to reduce these emissions exist, but the diversity of the cropping systems and the complex diffuse N pathways have resulted in regulatory obligations that are not equally efficient for different types of production systems. Some authors state that the risk is higher in horticultural production systems (HPS) than in arable lands [12] . Vegetable production, in particular, requires an intensive use of resources, namely water and fertilizers, in concentrated space and time. Reported N application rates show values as high as 600-900 kg·ha −1 [13] [14] [15] . Vegetable crops in general present shallower root systems compared to arable plants. Furthermore, the nitrogen use efficiency (NUE) of many vegetables is often less than 50% and can be as low as 20%, [14, 16] . Contrary to arable crops, vegetables are harvested in a vegetative stage when daily N uptake rates are still high, leaving soils with considerable mineral N amounts. Their residues also take a particular position relative to arable crops due to often large amounts of biomass, with a high N content (up to 200 kg·ha −1 ) and low C:N ratios, left behind on the field [16, 17] . These adverse characteristics can be exacerbated by the incorrect management of irrigation and/or by the precipitation occurring during the post-harvest season, both situations maintaining excessively high moisture conditions in the soil surface and drainage fluxes out of the root zone.
Considering fruit crops, which constitute another important part of HPS, the use of resources is not so intensive, but it follows a similar tendency. In particular, intensive and hedgerow orchards are characterized by high plant densities, contributing to a weaker and more superficial root development. This is reinforced by the application of water and nutrients exclusively to the root zone [18, 19] .
Moreover, the need to correct the soil reaction and/or to supply micronutrients may require the application of N forms that will increase pollution.
Horticultural production is important worldwide. For example, in the EU, it was, for the year of 2014, 30 million tons for fruits and 63 million tons for vegetables, the latter having increased 4% in relation to 2013 [20] . Water and N availability remain globally the most limiting plant growth factors, and water application is a management option in irrigated systems that strongly interacts with the efficient use of N [21] . Therefore, irrigated horticulture requires specific practices to increase water and nutrient use efficiency, which is considered to be a major challenge for the food production during this century [22] . Nitrogen losses to water bodies and the atmosphere and the correspondent mitigation strategies are thus significant concerns in HPS. Recent studies highlighted that there is the danger of pollution swapping between nitrate (NO 3 − ) leaching and N 2 O and NH 3 gaseous losses, which requires a holistic approach to the diffuse pollution issue, including the N and water dynamics and management in the soil-plant-atmosphere systems [5, 23] . The objective of this review paper is to identify the main strategies available to mitigate the various N losses from HPS with emphasis on vegetable production and to present methods to assess their application success. The first part of the work outlines the threats to the environment and health associated with N losses from HPS. In the second part the EU policy tools concerning N diffuse pollution are presented, followed by the major pathways for N losses and its underlying processes. A description of the available strategies to mitigate these losses is then presented; followed by the revision of three methods to evaluate the success of the different types of measures.
Nitrogen Loss Pathways and Processes
The N present in the soil is subject to several transformations that influence its availability to plants and influence the potential for losses though the various pathways. Horticulture soils generally contain large pools of N, most of which are in organic forms. Around 1%-3% of the N bound in organic forms may become mineralized and available to crop uptake or be potentially lost within the growth period [24] . In this process, bacteria digest organic material and release NH 4 + , which is positively charged and therefore can be bound to negatively-charged soil particles and organic matter (OM). Thus, NH 4 + does not move downward in soils and can be volatilized at the soil surface. It can also be absorbed by the plants or subject to nitrification, which is the conversion to NO 3 − . This N form is negatively charged and water soluble, and depending on the conditions, it can move below the crop rooting zone (leached), be absorbed by crops or denitrified. A temporary reduction in the available N can occur (immobilization) when the bacteria that decompose high C:N residues use the soil N to grow and build bacterial biomass. However, there is often a net gain of N during the growing season. Tracing the N path through the environmental reservoirs is thus a challenge due to the complex N cycle [25] . In HPS, all of the tree N loss pathways occur: leaching, volatilization and denitrification [9] (Figure 2 ). 
Nitrate Leaching
Leaching refers to the loss of NO3 − from the soil root zone into ground and surface waters and results from the combination of three physical processes: convection, diffusion and hydrodynamic dispersion [26] . The convective transport of nitrate in the root zone occurs due to the mass flow of 
Leaching refers to the loss of NO 3 − from the soil root zone into ground and surface waters and results from the combination of three physical processes: convection, diffusion and hydrodynamic dispersion [26] . The convective transport of nitrate in the root zone occurs due to the mass flow of water through the soil during drainage after precipitation and/or irrigation events. Diffusive transport occurs due to the concentration gradient between the soil solution with nitrate that is moving by convection and the surrounding soil with a lower concentration. During irrigation and precipitation events, the convective transport will predominate while diffusion gains importance between events, when the soil water fluxes are low. However, the large variations in soil pore sizes cause a range of pore water velocities. As a result, some portions of the flowing solution move ahead while other portions lag behind, causing the incoming solution to mix or disperse with the antecedent solution. This process is called hydrodynamic dispersion and can predominate over diffusion when the convective velocity is sufficiently high. Factors affecting nitrate leaching have been reviewed, although more extensively for arable crops than for horticultural crops (e.g., [9, 12] ). The amount of NO 3 − leached from the root zone is determined by its concentration in the soil solution and the drainage flux through the soil. While the amount of NO 3 − present in the soil solution is a result of the N budget, the drainage flux depends on the soil hydraulic properties, temperature and water inputs. Horticultural crops, vegetables in particular, are mainly produced in sandy to loamy soils, which are less retentive for water and highly to moderately conductive. Soil water contents are usually high since vegetables are irrigated, increasing the leaching risk during the crop season. When irrigation is correctly managed, leaching will be minimized, but N will accumulate in the soil profile, increasing the post-harvest leaching potential. Leaching losses for a variety of vegetable crops, climates, soils and management practices are presented by several authors [12, 21, [27] [28] [29] [30] [31] [32] [33] [34] [35] . A leaching loss of 207 kg NO 3 -N ha −1 was reported from a cabbage crop on a sandy soil harvested in September; a broccoli crop in a loamy soil harvested in November leached 282 kg·NO 3 -N ha −1 , while in a sandy soil planted with cauliflower harvested in November, leaching reached a value of 293 kg·NO 3 -N ha −1 .
Nitrate losses from other horticultural systems, e.g., orchards have been less studied. Data collected in an apple orchard show concentrations up to 66 mg NO 3 -N·L −1 in the leachate [36] . After the analysis of current fertigation practices in an intensive olive grove, it was found that nitrate leaching accounted for 75% of the fertilization inputs [37] . Other researchers found that 53%-78% of the applied nitrogen was leached in a commercial apple orchard [38] . Results suggest that if an irrigated orchard is located in a light textured and free draining soil and there is a high N input, the potential for leaching can be high, thus requiring the application of mitigation strategies [39, 40] .
Ammonia Volatilization
Ammonia volatilization is the transformation of NH 4 + into NH 3 in the soil and its transport from the soil surface to the atmosphere [9] . Agriculture accounts for 50% of the NH 3 that is volatilized worldwide [41] , which is undesirable since it represents a loss of N from the soil-plant system and a threat to the environment. The relative concentrations of NH 4 + and NH 3 in the soil depend on the pH of the soil solution, being favored by high values. Other factors affecting NH 3 production are temperature, soil texture, soil cation exchange capacity and soil moisture [9] . The rate of exchange of NH 3 between soil surface or plant material and the atmosphere depends on micrometeorological circumstances (especially wind speed and temperature) and ambient NH 3 concentration [42] . This process is the most important N loss pathway from agricultural soils receiving NH 4 + -based synthetic fertilizers and some type of manures. NH 3 volatilization can also be produced by mineralization of soil OM and crop residues, especially from vegetable crops [43] , which have high N levels and low C:N ratios. About 5%-16% of the N content of vegetable crop residues can be lost as NH 3 [44] . Volatilization losses from poultry manure and dairy slurry were found to be 9%-20% and 14%-35% of total N applied, respectively [44, 45] . The potential risk of ammonia volatilization from urea fertilizer can represent up to 65% of the N applied, depending on soil and climatic conditions [46] . This aspect is very important in orchards, as urea application is common at the post-harvest stage, to enable a fast-nutrient uptake that confers adequate nutrient storage and a good plant performance for the following spring.
Nitrification and Denitrification
Agriculture accounts for 70% of the N 2 O emissions to the atmosphere in Europe [47] . Some of the highest fluxes to date have been measured in irrigated and fertilized systems [48, 49] . N 2 O emissions from cultivated soils result from the biological nitrification and denitrification processes [50] . Thus, the understanding of the soil and environmental factors regulating the microbial populations is necessary to choose appropriate N 2 O mitigation strategies. The major soil parameters that regulate the nitrification-denitrification processes are temperature, percentage of soil pores filled with water, oxygen level and pH.
Nitrification is an aerobic process resulting from two distinct steps: the oxidation of NH 3 or NH 4 + to NO 2 − by ammonia-oxidizing bacteria, such as Nitrosospira and Nitrosomonas, and the oxidation of NO 2 − to NO 3 − by the nitrite-oxidizing bacteria (e.g., Nitrobacter) [51] . During the first step, a portion of the NH 4 + may be converted to N 2 O during the decomposition of nitrite [52, 53] .
The optimum soil temperatures for the nitrifying microbial populations range from 25 • C-30 • C [54] . However, lower nitrification rates have been found at temperatures below 5 • C [53] . As to the optimum soil pH, it varies between 4.5 and 7.5 [54] .
Nitrifying bacteria are sensitive to changes in soil water content. The maximum nitrification rate occurs when the soil moisture is near field capacity (−10 kPa) [54] . As the soil gets wetter, the nitrification rate decreases, and it is estimated that the process becomes restricted when the water-filled pore space is greater than 60%. However, as water drains and oxygen re-enters the soil, nitrification quickly resumes as the bacteria population recovers. The nitrification rate is also significantly slower when the soil is dry, although it still can occur near the wilting point (−1500 kPa) [55] . In dry environments, a surge in microbial activity (including nitrification) is commonly seen when a soil is rewetted by irrigation or rainfall following a prolonged dry period.
The whole process of nitrification is dependent on the ammonia available in the soil; however, high concentrations of ammonium/ammonia can restrict the activity of Nitrobacter [55] . Thus, the process is dependent on management practices, particularly from the type of fertilizer applied.
The other main driver for N 2 O production is denitrification. It consists of a microbially-mediated process of the reduction of NO 3 − and/or nitrite (NO 2 − ), which may ultimately produce N 2 [56] .
In addition to the terminal product, NO and N 2 O are generated as obligatory free intermediates [57] . The rate of denitrification and the relative proportions of NO, N 2 O and N 2 produced depend on the outcomes of complex interactions between soil properties, soil micro-organisms, climatic factors and management practices. Increased soil N supply, decreased soil pH, C availability and water content generally increase the N 2 O:N 2 ratio, thus increasing N 2 O emissions. Mitigation approaches should focus on ways to enhance the reduction of N 2 O to N 2 , thus lowering the N 2 O:N 2 product ratio. As denitrification is favored by high NO 3 − and C availability, it is likely to occur in wet horticulture soils, in particular immediately after rainfall or an irrigation event when soil pores may become filled with water and the oxygen supply may be temporarily restricted [58] . Extensive descriptions of the denitrification processes and the regulation of the N 2 O:N 2 ratio can be found in previous literature [56] . Available data provide evidence of the need for strategies to reduce soil N 2 O emissions in HPS. Losses are expected to be derived primarily from denitrification during peak soil moisture periods, when more than 60% of the pore space is filled with water [59] . At lower soil moistures, nitrification will be the major source of N 2 O. Losses are important especially for cole crop production and must account for the post-harvest period. Field emissions of N 2 O following a cauliflower crop harvested in September on a silty clay loam varied from 1.1%-3.7% of the N content of the residues [60] . High N 2 O emissions have also been reported during winter after incorporation into soil of Brussels sprout and broccoli residues (up to 14% of total N), due to the high moisture content of the residues [61] . Cereal crop residues have significantly lower emissions [62] .
Thus, the need for mitigation measures for leaching and gaseous losses in HPS, in particular in vegetable production, is largely justified.
Strategies to Mitigate Nitrogen Diffuse Pollution from Horticultural Production
N loss mitigation strategies or methods have three different targets: (a) the nutrient availability, aiming to redress the balance between nutrient supply and demand (source methods); (b) the timing for agricultural practices, aiming to synchronize N availability and plant uptake (timing methods); and (c) the nutrient delivery to the receiving environmental compartment, aiming to reduce nutrient mobility and modifying the transport pathways (transport methods) [63] . Whatever strategy is chosen, it must be well designed and adapted to local farming conditions, soils and climate.
Some reports suggest that strategies that reduce N losses after harvesting the vegetable crop may be more significant than in season strategies. In fact, over 400 kg·N·ha −1 may remain in the field as soil mineral N due to uncomplete uptake by crop and/or to a low harvesting index and as readily mineralizable organic forms in vegetable crop residues [17] . However, in permanent horticultural crops, as fruit trees or vines, a significant part of the biomass remains in the permanent structure of the plant, and only a minor part is removed through the leaves (in the deciduous species) and the pruning wood [64] . The most common N loss mitigation strategies applicable to HPS are approached next.
Crop Management
Mitigation strategies based on crop management include residue management after harvest, the use of cover crops, crop rotations and intercropping and the growing of N use-efficient plants.
Management of Crop Residues
Vegetable crop residues often consist of a large amount of biomass with high N contents and C:N ratios ranging between 10 and 20, thus mineralizing rapidly even at low soil temperatures [4, [65] [66] [67] [68] . This means that when assessing the risk of post-harvest losses, the N content in the crop residues must be considered in addition to the potential for soil OM mineralization. Up to 198 kg·N·ha −1 may result from leaving broccoli crop residues in the field after harvest, representing a significant risk [69] . This situation may occur mainly for brassica crops, which are the ones with higher N contents (Table 1) . Thus, it is very important to manage these residues to conserve N for the next crop [16] . Table 1 . N content of vegetable crop residues (adapted from [16] The in situ management options are:
• Incorporation of the vegetable crop residues into the soil reduces NH 3 emissions [43] . However, this practice may increase the leaching losses (pollution swapping) (source); • Leaving the crop residues intact on the soil surface following harvest in autumn will slow down mineralization [76] ; incorporation can be delayed to a period where the risks of N leaching losses are lower [77] . However, this practice may lead to an increase in gaseous emissions and also to severe phytosanitary problems, as the inocula remains in the fields from one season to the other [78] (source); • Co-incorporation of crop residues with other residues presenting a higher C:N ratio may decrease mineral N availability through the immobilization process or even by reducing the mineralization rate of the residues; this practice was successfully tested using different types of materials as wheat straw and green waste compost (e.g., [29, 67] ); also, this material will be free of fungal inocula from the previous season, as spores usually lose their viability during the composting procedure [79] (source, timing and transport); • When the harvest method leaves the root systems intact (e.g., cauliflower and broccoli), they grow and act as a catch crop during winter. This practice reduced the soil nitrate contents during winter by 39% as compared with the no catch crop situation [80] (transport); • Removal of the crop residues from the field, which can be applied later, will reduce the potential for all kinds of losses [71] . The application time requires the synchronization of crop nutrient demand and nutrient availability from the previous crop residues. A leaching reduction of 8% when 20% of cauliflower residues were removed was reported [16] (source, timing and transport).
Use of Cover Crops
N losses during autumn/winter, where the conditions are less favorable to physiological activity production, can be significantly reduced by the presence of cover crops in comparison with bare ground acting as a mitigation practice at the source [80] . Cover crops must have a fast developing and deep rooting system, as well as winter hardiness [16, 81] . This allows them to rapidly scavenge N from the entire soil profile. Several studies show the success of planting cover crops like oats, hairy vetch, rye, barley and ground wheat after the harvest of vegetables like endive, peas, potatoes and cabbage, in the mitigation of N gaseous and/or leaching losses (e.g., [72, [82] [83] [84] ). However, for some brassica crops like cauliflower or broccoli, harvested as late as November, there is no evidence of the benefits of a cover crop in reducing N losses after production [65, 72] . In these cases, the cover crop must be established before the harvest of the vegetable crop (intercropping), and an adequate strategy must be implemented to avoid competition for water and nutrients.
Beside leaching and gas losses, cover crops can also mitigate nutrient losses by surface runoff and soil erosion, since water infiltration is increased and the soil surface is protected against erosive forces [85, 86] . In orchards, cover crops are often used to protect the soil, enable the use of machinery with reduced soil compaction and avoid nutrient loss. However, they can constitute a reservoir of inocula, and therefore, this practice must be reviewed [87] .
In a meta-analysis relative to N loss mitigation strategies, the use of cover crops ranked second best, after irrigation management [88] .
Crop Rotations
Rotations are a technique of great importance both for the improvement of soil fertility and the mitigation of N losses at the source, timing and transport. Crop rotations, especially performed with N-fixating rotation crops, reduce the input of fertilizers and the pollution by nitrogen [89] . Legumes such as faba beans can fix large amounts of N (100-200 kg·N·ha −1 ) and can thus reduce the need for N fertilizer on succeeding crops [90] . Biologically-fixed N is used most efficiently in rotations where legumes are followed by crops with high N requirements (e.g., leaves or fruits). Root depths were negatively correlated with NO 3 − leaching, and thus, rotations including crops with different root depths were good choices to improve N use efficiency and at the same time reduce nitrate leaching [91] . Deep-rooted crops (e.g., pumpkin, tomato) alternating with shallower-rooted ones (e.g., lettuce, broccoli) explore the entire profile and bring up nutrients from deeper layers that might otherwise be lost from the system [92] . Differences in plant rooting patterns including root density and root branching at different soil depths also result in more efficient extraction of nutrients from all soil layers when a series of different crops is grown.
Use of N Use-Efficient Plants
The use of plants associated with mycorrhizae can reduce N losses through leaching by acting at the source and transport. Mycorrhizae contribute to the formation of stable aggregates in the soil, developing a macroporous structure that favors infiltration and water retention, penetration of roots and air and prevents erosion. Furthermore, mycorrhizae promote the capacity of plants to acquire N from inorganic sources, with different studies showing that mycorrhizal plants have an increased plant N content, reducing the soil nitrate content [93] . Furthermore, an adequate choice of the rootstock is important, since fast-growing rootstocks have usually a better NUE and are less prone to N losses through leaching, when compared to slow-growing ones [39, 94] .
Irrigation and Fertilization Management
Vegetable crops are irrigated frequently due to their shallow rooting system and high sensitivity to moisture stress. The amount of irrigation water applied is frequently far greater than the actual crop needs. This has significant impact on soil NO 3 − level, and it is clear that controlling the amount of drainage from irrigation is critical to the protection of groundwater. Since convection is the main process of nitrate transport in the root zone, the control of the NO 3 − available for leaching must be complemented with the control of the hydraulic fluxes due to irrigation. Thus, an integrated management of both irrigation and fertilization practices should be considered.
Irrigation Water Management
In irrigated horticulture, excessive water applications increase N leaching, leading to a low crop N availability, which is compensated by increasing fertilization rates. As a consequence, when crops are over irrigated, it is common to observe low NUE with a negative impact on groundwater quality [21] . A meta-analysis of several strategies to control nitrate leaching led to the conclusion that the group of strategies based on improving water irrigation management had the largest effect [88] . Irrigation water management has a significant impact on N losses not only because it controls the nutrient delivery to the water bodies (transport type method), but also as a mitigation method at the source, since moisture content controls most of the biochemical reactions leading to N transformations [95] . Irrigation water management can be improved at different levels, as described next.
• Adjustment of water application to crop needs: irrigation requirements
The adjustment of water application to crop needs without decreasing yields and nutrient uptake efficiency is the irrigation management practice most effective in decreasing N losses [88] . Crop needs refer to the actual water requirements for evapotranspiration (ETc), which primarily depend on crop development and climatic factors. A suitable method for estimating ETc for vegetable crop production is the FAO method based on reference evapotranspiration (ETo) and the crop coefficients (Kc) [96] . Irrigation requirements are primarily determined by crop water requirements, but also depend on the characteristics of the irrigation system, management practices and the soil characteristics. Irrigation systems are generally rated with respect to application efficiency, which is the fraction of the water that has been applied by the irrigation system and that is available to the plant for use [97] . Applied water that is not available to the plant may have been lost from the root zone through evaporation or wind drifts of spray droplets, leaks in the pipe system, surface and subsurface runoff or deep percolation within the irrigated area.
• Irrigation scheduling While the determination of the irrigation requirements only provides general guidelines due to the variable nature of vegetable production, irrigation scheduling provides the means to determine when and how much to irrigate according to the in situ conditions of the plants in a given field. Irrigation scheduling is generally based on experience, being generally accepted that vegetable growers over irrigate to ensure that water is not limiting the production, originating drainage fluxes that carry nitrates beyond the depth of crop roots. The use of soil moisture sensors or soil matric potential sensors is the most appropriate technique to schedule the irrigation of vegetable crops [98] . These sensors can be used as a standalone, complementing the FAO method or even complementing the grower experience. Tensiometers are an example of soil matric potential sensors whose readings are compared with the soil matric potential (SMP) at field capacity, allowing one to adjust the irrigation frequency, once the thresholds are defined. Field capacity is the moisture content or the SMP at which a soil is holding the maximum amount of water it can against the force of gravity. Table 2 contains guidelines for using SMP data to schedule irrigation events. The utility of tensiometers in fine-textured soils is limited due to the range of detection; thus, tensiometers are practical in sandy or coarse-textured soils. Details about the use of tensiometers to schedule the irrigation of vegetable crops are provided by several authors, e.g., [99] [100] [101] [102] . SMP thresholds for several vegetables produced in a variety of soil types are also provided [98] .
• Irrigation technologies Using more efficient systems for water delivery decreases the use of water since it minimizes losses. Different types of irrigation systems have been adapted for use in horticultural crops. Hand-moved sprinklers and travelling guns are systems that present larger application efficiencies (Ea) than the surface irrigation systems; nevertheless, the uniformity of water distribution (UD) is greatly affected by wind conditions. When the UD is low, there is the tendency to over irrigate some of the areas in order to provide enough water to the others, causing considerable drainage fluxes and leaching in some parts of the field. Drip systems potentially optimize Ea and UD, and although they reduce the root development and the volume of soil used by the plants, they are very commonly used in horticultural systems, both for vegetables and for fruits trees and vineyards, as they reduce water consumption and the growth of competitor plants [103] . If fertilizer injection is combined with drip irrigation, greater yield increases are possible. The cost of installing a drip system is relatively high. However, the labor cost through the season is very low. A major advantage of drip systems is that less water is required. Drip irrigation provides the crop with a uniform supply of water through the season.
Fertilizer Management
Fertilizer management strategies target both N source and N timing control, since they aim to redress the balance between nutrient supply and demand to minimize the potential loss and to define the best application timing. A meta-analysis study regarding N mitigation practices ranks fertilizer management strategies after irrigation water management and the use of cover crops [86] . The largest effect was achieved by the reduction of the recommended amounts followed by improved fertilizer technologies. This group of strategies attained a leaching reduction of almost 40%.
• Fertilizer amounts and formulations
The fertilizer amount to be supplied must compensate for the exported nutrients, assuming that the remaining organs will store or restores to the soil the nutrients retained. HPS require, in some cases, high levels of N fertilizers (>200 kg·ha −1 ) [17] . Furthermore, as horticultural crops are usually highly valued, the relative cost of this input is less important to farmers, and thus, they may apply it in excess, endangering environmental quality. The literature shows that the best relationship between nitrate leaching and yield is obtained when applying the recommended N fertilizer amount. Values below the recommended ones will reduce leaching, but also reduce yields. The focus is then the calculation of the recommended amount to meet plant demand and reducing excessive N input, considering other potential N sources, such as soil mineral N and potentially mineralizable N from the soil endogenous OM and from incorporated organic materials and the N provided by the irrigation water.
As to the formulations, the N use efficiency of foliar urea application is higher than when N is applied to the soil. In addition, it promotes fungal disease control, reducing overwintering spores [103, 104] . The lowest N losses reported are associated with ammonium sulfate or diammonium phosphate fertilizers, as ammonium is stored in the soil cationic exchange sites and, therefore, is much less likely to be leached past the tree roots [9] .
It is also important to consider the interaction of the N fertilizer with other nutrients, namely with Ca or S; since the need to supply these secondary macronutrients requires the use of formulations that potentially contribute to N leaching, for instance Ca(NO 3 ) 2 . The same applies to the formulations used to control the soil reaction, e.g., the use of (NH 4 ) 2 SO 4 to acidify the soil can contribute to N losses through volatilization [105] .
• Fertilizer application method When urea is spread at the surface, the NH 3 volatilization losses can be as high as 50% of the applied N [105] . Moreover, incorporating urea at depths higher than 7.5 cm can result in negligible NH 3 emissions and maximum N retention. Application of urea before the onset of rain can significantly reduce the amount of ammonia volatilization because it washes the urea and ammonium below the soil surface. A study reports that 10-16 mm of rainfall soon after application of urea reduced the loss by over 80% [106] . Applying irrigation water after the application of urea fertilizer can also reduce the risk of ammonia volatilization [107] . Similarly, volatilization from applications of anhydrous ammonia can be minimized if the fertilizer is injected to depths below 10 cm when soils are moist, generally after winter or rainy seasons [41] . Measurements of volatilization losses from manure account for 68% of total NH 4 + present for surface application, 17% for surface incorporation and 2% for deep placement [42] . Foliar applications until run-off also contribute to N loss, which can be minimized by surfactants, reducing the part of the nutrient supply that drips to the soil.
• Optimized timing of fertilizer application
The date of application also affects the various pathways for the losses. For example, in the case of manure the greatest losses occur when it is applied in autumn because the soil is warm enough for mineralization. Besides, there is sufficient rainfall over the autumn and winter period to leach the resulting nitrate out of the soil profile. Woody crops, as pome or stone fruits, store N in perennial organs before leaf fall and use these reserves to enhance new metabolic activity at bud break. In this context, the delay of N supply to the active vegetative growth phase can minimize N losses. Results in young pear orchards demonstrate that the N supplied before bud break is not utilized by the trees, as they use first the stored N [108] .
Applying nitrogen fertilizers and animal slurries at times when the risk of leaching is low, that is outside the rainy season, is a practice that reduces N losses associated with precipitation, which cannot be controlled in open air HPS. Splitting fertilizer applications to match plant demand will also reduce volatilization and leaching losses [106] .
• Improved fertilizer technics A reliable way to reduce NH 3 volatilization is to coat urea fertilizer with a urease inhibitor, because it reduces the conversion rate of urea into ammonium in the soil [47, 109] . A reduction of 42% in the cumulative NH 3 emissions through the slower release of NH 4 + to the soil solution from the hydrolysis of urea was reposted, which also promoted a lower exchangeable N pool [107] . Because ammonia volatilization losses from urea-based fertilizers are variable and unpredictable, the addition of a urease inhibitor can be a potentially valuable mitigation method [110] . The use of a nitrification inhibitor keeps the nitrogen in the NH 4 + form, which the plants can use, preventing the accumulation of NO 3 − in the soil profile, thus reducing the loss potential to the water bodies and to the atmosphere as N 2 O. In some cases the addition of a nitrification inhibitor reduced the N 2 O emissions by 45% (in season) and 40% (winter period) during a lettuce-cauliflower rotation, as compared with conventional fertilizer [111] . When the inhibitor was applied to poultry manure and to inorganic fertilizer (broccoli, lettuce and cauliflower crops), the reductions in N 2 O losses were of 64% and 32%, respectively [60] . Nevertheless, the beneficial effect of nitrification inhibitors in decreasing direct N 2 O emission can be undermined or even outweighed by an increase in NH 3 volatilization [112] . The use of fertilizers with N in readably usable forms, as amino acids or algae extracts, can also contribute to reduce N losses, as it promotes a faster N uptake [113] . However, this option is still quite expensive and not overall established. The use of fertilizer techniques can reduce nitrate leaching by 20%-30% compared with standard fertilizers. Nevertheless, it may incur an additional cost for the farmer [88] .
• Organic manures and composts Agricultural wastes, industrial wastes and sewage sludge (biosolids) usually contain large amounts of nitrogen. Much of the N in these manures and wastes can be released through mineralization processes in the soil, which ultimately results in a risk of nitrate leaching [53, 114] . However, it is very difficult to predict the mineralization rate of these organic wastes and manures because of the variability of the constituent materials [115] . Nitrate leaching losses were reported to be significantly higher from poultry manure (low C:N) or slurry than from straw-based (higher C:N) farm yard manure when applied to an arable free-draining soil in the U.K. [116] . In fact, the addition of organic carbon in these wastes may also increase the rate of mineralization/immobilization turnover of soil N, as well as the applied N [117] . Well matured compost should substitute for fresh manure since it presents higher C:N, hence lower mineralization rates. The calculation of the crop needs should consider the soil mineral N at transplanting, which must be always assessed, and also, the N from organic sources by estimating a mineralization coefficient [118] . In the EU, very large manure applications are not allowed due to the EU limit of 170 kg·ha −1 for the nitrate vulnerable zones (Nitrates Directive), and the allowed application periods should be respected according to each country's action program and rainfall pattern.
• Monitoring of plant and/or soil N status
The synchronization between N fertilization and crop N demand is essential in order to minimize the amount of N that over the season is in the soil constituting a potential loss. This may be improved by regular analysis of soil solution, plant sap analysis, leaf chlorophyll measurements or plant tissue testing. This management practice is particularly important for vegetable crops, since for woody species, the buffering capacity conferred by the perennial structures reduces the impact of the monitoring. For these cases, the N correction of fertilization management will have an effect predominantly in the coming season. Tissue testing involves taking samples from the plant (most commonly leaves) at various times during the growth period and sending them to a laboratory for mineral nutrient analysis [15] . Petiole sap testing involves taking leaf petioles and collecting the sap, which is then tested for nitrate and/or potassium using portable meters [119] . Chlorophyll meters are used to measure the "greenness" of individual leaves and to monitor nitrogen status after proper calibration against the crop with proper fertilization [120, 121] . Monitoring the soil N status by collecting soil samples, or placing suction cups beyond the root system to collect soil solution, also constitute efficient mitigation practices, as they provide information regarding the N stored in the soil and/or moving beyond the roots' depth.
Assessment of the Effectiveness of Mitigation Measures
The success of a mitigation strategy under specific conditions will allow its implementation to be increasingly targeted and more cost effective. Assessment methods are therefore required to evaluate and to quantify the impact of mitigation strategies. These methods provide evidence of a reduction in nutrient loadings or concentration in the receiving compartments (water body or atmosphere) or an improvement in ecological response [73] . Assessment methods must also recognize responses to mitigation that are often site-specific, since a positive response in one area may not be repeated elsewhere. They must be both practical and suited to their end users. The most commonly-used assessment methods are described below.
Measurements
Long time series of N concentrations in the environmental compartments provide the best analysis of mitigation success, since they describe actual changes resulting from the implementation of a mitigation practice either at the source, timing or transport (Table 3) . However, it is not always clear why any response to mitigation has been achieved because of the complex environmental processes involved and our incomplete knowledge of nutrient dynamics. Variations in weather between years add another layer of complexity and make it difficult to distinguish the effect of the mitigation method from environmental noise [122] . Table 3 . Assessment method features applicable at field and farm scales (from [73] ). In the medium-term, the continued development and installation of automated in situ sampling and analytical equipment facilitating high frequency sampling will help improve our understanding and provide more representative assessments [123] . Moreover, sometimes, long time series are necessary to reveal the impact of a mitigation strategy. In this case, or where the measurement is not cost effective, alternatives are required, e.g., nutrient budgets and modelling [73] .
Mitigation

Farm Surveys and Nutrient Budgets
Nutrient budgets are commonly used to assess nutrient management by evaluating inputs and outputs over a period of time. First, there is a need for a survey to collect enough information to enable a thorough system analysis of the crop production practices [124] . The surveyed information is then used to perform the particular water and N budgets. The overall objective is to compare the total amount of water applied with the crop evapotranspiration and the total amount of N fertilizer applied with crop N uptake to identify and quantify possible N surplus and its origin. As the nutrient budget is significantly influenced by horticulture practices, the balances assessment provides an overview of current practices and allows the improvement of NUE. The nutrient budget can be calculated using simple tools as spreadsheets and user-friendly interfaces. A positive balance indicates a potential loss of nutrients to the environment or a nutrient accumulation in the soil, usually designated as surplus. A negative balance signifies soil nutrient depletion. Different budget levels can be considered in association with the system boundaries according to the available data and the purposes of the study (Figure 3) . Farm gate balances, for example, demand minimal and routinely available data in farm records compared with soil surface or soil system balances. Thus, the budgets quantify water and nutrients that enter and leave the farm gate with no consideration of internal transfers or loss processes [63] . The key information to be collected in the horticultural farm consists of the area occupied by each crop, the amounts of N applied in fertilizers (mineral and organic) and soil amendments, the N fixation by the crops, the irrigation volumes and yields per crop.
Nutrient budgets are commonly used to assess nutrient management by evaluating inputs and outputs over a period of time. First, there is a need for a survey to collect enough information to enable a thorough system analysis of the crop production practices [124] . The surveyed information is then used to perform the particular water and N budgets. The overall objective is to compare the total amount of water applied with the crop evapotranspiration and the total amount of N fertilizer applied with crop N uptake to identify and quantify possible N surplus and its origin. As the nutrient budget is significantly influenced by horticulture practices, the balances assessment provides an overview of current practices and allows the improvement of NUE. The nutrient budget can be calculated using simple tools as spreadsheets and user-friendly interfaces. A positive balance indicates a potential loss of nutrients to the environment or a nutrient accumulation in the soil, usually designated as surplus. A negative balance signifies soil nutrient depletion. Different budget levels can be considered in association with the system boundaries according to the available data and the purposes of the study (Figure 3) . Farm gate balances, for example, demand minimal and routinely available data in farm records compared with soil surface or soil system balances. Thus, the budgets quantify water and nutrients that enter and leave the farm gate with no consideration of internal transfers or loss processes [63] . The key information to be collected in the horticultural farm consists of the area occupied by each crop, the amounts of N applied in fertilizers (mineral and organic) and soil amendments, the N fixation by the crops, the irrigation volumes and yields per crop. The soil surface budgets account for the water and N fluxes through the soil surface boundary while the soil system budgets also consider all of the inputs and outputs resulting from biochemical processes occurring with the soil profile. These two approaches correspond to a more scientific approach often requiring field experiments and the use of mathematical models.
Some studies have calculated the N balances for different vegetable production systems and have estimated that between 9% and 90% of the N applied is not used by the crops and, thus, is potentially lost [125] . These surpluses should be used to estimate potential nutrient loss. To improve the relationship between surpluses and losses, some researchers propose that the budgets should be averaged over a significant number of years to eliminate the effect of temporal variation in climate and farming practices [126, 127] . Although the variety of existent accounting systems and the extent of their adoption is encouraging, a uniform and coherent concept for budget calculations at the field and farm scale is required [126, 128] . Nonetheless, the more simple budgeting approaches like the farm gate budget fail to consider the timing and transport aspects of mitigation (Table 4) and assume a direct causal relationship between potential and actual nutrient loss [73] . The soil surface budgets account for the water and N fluxes through the soil surface boundary while the soil system budgets also consider all of the inputs and outputs resulting from biochemical processes occurring with the soil profile. These two approaches correspond to a more scientific approach often requiring field experiments and the use of mathematical models.
Some studies have calculated the N balances for different vegetable production systems and have estimated that between 9% and 90% of the N applied is not used by the crops and, thus, is potentially lost [125] . These surpluses should be used to estimate potential nutrient loss. To improve the relationship between surpluses and losses, some researchers propose that the budgets should be averaged over a significant number of years to eliminate the effect of temporal variation in climate and farming practices [126, 127] . Although the variety of existent accounting systems and the extent of their adoption is encouraging, a uniform and coherent concept for budget calculations at the field and farm scale is required [126, 128] . Nonetheless, the more simple budgeting approaches like the farm gate budget fail to consider the timing and transport aspects of mitigation (Table 4) and assume a direct causal relationship between potential and actual nutrient loss [73] . requires a big amount of soil, crop parameters; difficult parameterization and calibration [138] [139] [140] VegSyst C dry matter production and crop uptake as a result of fertilization management; when incorporated in a DSS predicts N fertilization requirements specific for vegetable production it does not predict N losses, but as it predicts uptake, it can be used to optimize crop uptake efficiency [141] [142] [143] E, empirical; C, conceptual; PB, process based.
Modelling Water and N-Related Processes in Horticultural Systems
The increasing concern about the quality of the environment, together with the development of hardware, software and user-friendly interfaces led to an increase in the use of modelling in agricultural systems. Lately, the evaluation of the implementation of the environmental policies has also been a driver for modelling applications. There is a range in the complexity and variety of models for assessing the environmental impact of the water and N cycles in agricultural production systems. These models provide mechanisms for comparing the relative effects of differing mitigation practices on yields and N losses for different soil-crop-climate systems. The running of a number of scenarios has already demonstrated that nitrogen management in field vegetable rotations can be improved in Europe by following at least good agricultural practices.
Considering the approach by which the various models simulate water and nitrogen dynamics in the soil, it is possible to distinguish from simple empirical applications to comprehensive, fully process-driven models. Examples of these types of models applicable at plot and farm scales are given in Table 4 , including application case references. Empirical models evaluate inputs and outputs, but provide no consideration of internal dynamics, adopting instead a 'black box' approach. They are built on quantitative relationships rather than process understanding and generally have low data requirements. These features limit the evaluation of some mitigation methods. Conceptual models occupy an intermediate position in terms of complexity, being process informed and requiring greater empirical evidence to support the selection of coefficients, but not yet offering a full process representation. Process models attempt to simulate the complete systems and quantify all processes that constitute them. They are therefore computationally intense, require expertise and have large data requirements. The wide range of inputs and parameters, the inclusion of transport processes, short time steps and high spatial resolution allow the simulation of source, time and transport mitigation methods.
Simulation models need preparatory work of calibration and validation before being used with different crops and soils, which is a rather expensive and time-consuming task. Some of the models that simulate the N dynamics in the soil-plant system are too complex to be used and/or understood by farmers or are still in the state of research at the moment. They require a large amount of input data, and in some cases, research is necessary to obtain calibration factors for specific horticulture crops. The more complex models are useful to test new strategies at a regional level and for legislation purposes. In most cases, advisors should support farmers when they want to use prediction models, and the latter should be involved in the demonstration of models. Some models have been simplified to make them easier to be used by farmers and consultants, reducing the number of required inputs and assuming the possible risk of loss of accuracy. These simplified models work well and provide simple and useful information for farmers to design appropriate and to compare different fertilization and irrigation strategies.
Conclusions
The reduction of N emissions to water bodies and the atmosphere by horticultural production systems is required. Current directives and international conventions regarding agriculture consider the threats from NO 3 − leaching, NH 3 and N 2 O emissions separately. However, when not combined with an integrated approach to N and irrigation management, the policy measures may induce mitigation strategies/practices with antagonistic effects (swapping pollution). The combined use of fertigation and drip irrigation to frequently apply small amounts of water and N throughout a crop cycle provides the technical possibility for precise N and irrigation management. A combination of optimal water management and applying recommended fertilization rates should be the most profitable choice for the farmer. The recommendations must be corrected in situ by using soil and plant monitoring devices. In addition to the in-crop season good practices, the use of cover crops to catch the N released from the horticultural crop residues during the winter period also seems indispensable. The use of fast-growing rootstocks, mycorrhizal plants or more ready-to-assimilate fertilizers, as amino acids, are other examples of mitigation strategies that can also contribute to reduce N losses.
Mitigation strategies need to be assessed and the best ones selected and broadly applied at low cost. Simulation models can make long-term assessments as opposed to an expensive and time-consuming pure classical field research. Once models have been calibrated and validated against selected field data, they can be used before and during the cropping season considering the crop type, management practices and environmental conditions for better fertilization and irrigation strategies. A range of potential mitigation practices can be evaluated using models, and the most promising ones can be field tested. Additional studies are still necessary to create complete reference databases (climatic data, physical and chemical soil parameters and crop calibration factors) for different European areas to promote the use of prediction models. The combined use of soil and plant monitoring sensors and simulation models is a useful group of tools for designing optimal irrigation and N management practices that mitigate N losses. The combination of these techniques with crop rotation and intercropping systems will undoubtedly improve the NUE of horticulture crops and minimize N losses as a whole.
